ABSTRACT
INTRODUCTION
Formin homology (FH) proteins and Rho small GTPases modulate cytoskeletal remodeling during cytokinesis, polarized cell growth and development (1) (2) (3) (4) . The Diaphanous or Dia-related FH proteins (DRFs) constitute a subclass of FH proteins that bind activated Rho-family small GTP-binding proteins (5) . The DRFs include in Saccharomyces cerevisiae, Bni1p and Bnr1p (6) (7) (8) , Aspergillus nidulans, SepA (9) and in Drosophila, Diaphanous (10) . Three mammalian DRF genes have been identified in mice/humans, respectively: mDia1/DFNA1 (11, 12) , mDia2/Dia2, and mDia3 (A.S.A., M. Wernick, C. Collins, unpub. obs.)/DIA (13, 14) . Both mDia1 and mDia2 bind to activated RhoA-C and mDia2 also interacts with Cdc42 (11, 15) . Based on primary amino acid sequence homology, the DRF family contain several conserved domains:
the GTPase-binding domain (GBD) in the N-termini (13, 15, 16) , three formin homology domains that include the highly conserved proline-rich FH1 and FH2 domains, and a loosely conserved FH3 domain (10, 17) . This study identifies a new homology domain unique to the Diaphanous-related FH family members, termed the Dia-autoregulatory domain or DAD.
The DRFs bridge signaling and cell remodeling pathways by binding to several signaling kinases and scaffolding proteins via SH3 domain interactions with the proline-rich FH1 domain. These include Src non-receptor tyrosine kinase family (18, 19) , Hof1p (20) and IRSp53/BAIAP2 (21) . The actin binding protein profilin also interacts with FH1 domains (6, 15, 22, 23) . Other actin binding factors EF1α and Bud6p/Aip3p associate with Bni1p through other regions (16, 24) . The significance of profilin binding to the mammalian DRF family members has yet to be elucidated, although it does not appear to be an important factor in Rho-regulated actin remodeling (25) .
Bni1p, mDia1 and mDia2 have been shown to be 'activated' or deregulated by removal of their GTPase binding domains (11, 18, 26) . Expression of ∆GBD-mDia1 and -mDia2 in fibroblasts activates a Rho-regulated signaling pathway that leads to the activation of the serum response factor (SRF) transcriptional regulator in the nucleus (18, 27) . The activated Dia proteins also cooperate with another small GTPase effector, Rho-kinase or ROCK, to induce stress fibers (11, 18, 26) . These truncation experiments suggested that the GTPase binding domain of the DRFs contain a negative regulatory activity.
Many signaling molecules contain autoregulatory domains. For example, p21-activated kinase (PAK1) (28, 29) and Src-family kinases bear domains that modulate their activity through intramolecular associations (30) . The PAK1 autoinhibitory domain is adjacent to the CRIB domain (31) and this association is regulated by binding to activated Cdc42. A similar observation has been made for the Cdc42-binding Wiskott-Aldrich syndrome protein (WASP) (32) . Kim and colleagues demonstrated that the aminoterminal CRIB domain of WASP is a bifunctional autoinhibitory and GTPase binding domain. It binds to the C-terminal verprolin, cofilin acidic (VCA) region located in the C-terminus. Upon binding to Cdc42, the CRIB domain releases the C-terminus and the exposed VCA region of WASP functions as an effector by direct binding to the Arp2/3 actin-nucleating complex (33).
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A similar mechanism has been proposed for the Dia-related proteins (11) . The aminoterminus of mDia1 has been shown to interact with the C-terminus in a manner that is disrupted by activated Rho binding to the GBD. Here, I report the identification of a conserved C-terminal autoregulatory domain, termed DAD, that facilitates intramolecular binding. When exogenously expressed in cells, DAD is a potent activator of the cellular complement of DRFs and causes the induction of both cytoskeletal remodeling and the SRF signaling.
EXPERIMENTAL PROCEDURES
Cell Culture, Microinjection and Flourescence Microscopy -NIH 3T3 cells grown on glass coverslips were maintained in Dulbecco's modified essential medium (Gibco; BRL) containing 10% (v/v) fetal calf serum (FCS; Gibco) until 24 h prior to microinjection when cells were changed to medium containing 0.1% (v/v) FCS. The NIH 3T3 SRE-FosHA reporter cell line HA13 was used in all SRE gene expression studies (34) . Cells were microinjected with pulled-glass capillaries using an Eppendorf 5171 semi-automated injection system as previously described (18) . Purified plasmid DNA expression vectors were microinjected at concentration of 10 µg/ml each in a buffer of PBS:dH 2 0 (1:1), unless indicated otherwise; empty vector (pEF m ) was included in experiments normalize injected DNA concentrations when necessary. For fluorescent detection experiments, cells were fixed 3 h after microinjection with 3.7% formaldehyde in PBS and permeabilized with 0.3% Triton X-100 (Sigma) prior to staining. SREregulated FosHA staining was detected by indirect immunofluorescence using primary rabbit anti-HA anti-sera (Y-11; Santa Cruz Biotechnology) followed by AMCA coupled anti-rabbit (Jackson). Filamentous actin was monitored in cells by staining with TRITClabeled phalloidin (Sigma). After staining, coverslips were mounted in gelvatol.
Fluorescent images were captured with a digital camera (SPOT R100; Diagnostics) mounted on a Nikon E400 epifluorescence microscope using fixed exposure times with either 40X or 100X (1.4NA) where indicated. Images were saved as TIFF files and assembled into figures using Clarisdraw.
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Plasmids and Genbank TM Accession Numbers -mDia1, mDia2 and various domain expression contructs were made in pEF m (courtesy of R. Marais), pEF HA , pEF m EGFP, pT7-plink, pGEX-KG and pGAD10 from PCR products using standard methods and confirmed by direct sequencing; complete details are available upon request.
In vitro translation plasmids were made using pT7-plink (35 In Vitro GST-'pull downs' and Two-Hybrid Assays -Two-hybrid assays and in vitro translation/GST-pull downs were conducted as previously described (18, 36) . In short, the indicated 'bait' proteins were generated by subcloning the indicated cDNAs into pGBT9 Gal4 DNA binding domain plasmid; 'prey' were Gal4 activation domain fusion proteins generated in either pGAD10 or pSE1107. HF7c (Clontech) reporter yeast strain were co-transformed with the indicated plasmids and selected on appropriate plates for bait and prey auxotrophic markers, then restreaked onto His-plate to select for Gal4 regulated HIS reporter expression. Levels of reporter activity were monitored by replicate streaking onto Trp/Leu/His-plates with increasing concentrations (0-64 mM) of 3-aminotriazole.
For in vitro translation and pull-downs, plasmids were constructed using pT7-plink or pCAN (35) containing the indicated coding sequences for mDia2 (18) , GBD or FH1 were in vitro translated using the TNT kit (Promega) using 35 Comparative alignment of only the Dia-related sub-family yields a conserved domain in the C-termini that is shown in Fig. 1 .
RESULTS

Identification of DAD -
was designated the Dia-autoregulatory domain or DAD.
There was also a conserved region of basic residues several residues towards the Ctermini are indicated by underline. The DAD domain was found in all the three mouse/human DRFs (13-15), Drosophila Diaphanous (10), budding yeast Saccharomyces cerevisiae Bni1p (37) , and Emericella nidulans SepA proteins (9); the exception appeared to be Bnr1p.
Self-Association: DAD Interaction with the GBD -Watanabe and colleagues have
previously reported that the N-terminus of mDia1 could bind to its C-terminus (11) . A similar intramolecular interaction has also been reported for the Cdc42-binding WASP (32) . To determine if DAD could mediate this interaction in mDia2, the DAD domain was tested for binding to the GBD in both two hybrid and GST-'pull down' assays as shown in Fig. 2A and B, respectively. In vitro both mDia2 and the isolated GBD bound specifically to the DAD domain (data not shown). The DAD-GBD or DAD interaction with mDia2 was tested for regulation by activated RhoA-V14. Both in vitro translated 35 S-methionine labeled GBD and mDia2 were incubated with increasing concentrations of purified recombinant RhoA-V14 protein (13) . Activated Rho disrupted the association of both the isolated mDia2 GBD and mDia2 itself as shown in (YGDDPTAQSLQD). Anti-mDia1 effectively blocked DAD activity towards actin remodeling (data not shown) and SRF ( Fig. 5A and B) . Anti-mDia1 did not inhibit ∆GBD-mDia2 or ∆GBD-mDia1 SRF induction as they lack the peptide sequence used to recognized by anti-mDia1 (18) . Src binds to and co-localizes with endogenous Dia proteins (18, 19) . To test if Src had a role in DAD activity, DAD was expressed with either interfering Src (Src K298M/Y530F) or co-injected with affinity purified anti-Src (38) . Both reagents effectively blocked DAD induced stress fiber formation and SRF (Fig. 5B ).
To correlate DAD-DRF binding with DAD biological activity, a series of alanine substitutions were introduced into the DAD consensus region and tested for binding to mDia2 by two-hybrid analysis. After determining the effects on DAD-GBD association, the resultant DAD domain mutants were then expressed in cells. The results of the binding experiments performed by two-hybrid analysis are summarized in Fig. 6A .
Mutations that disrupted the mDia2-DAD interaction are indicated by the filled arrowheads; mutations that had no effect on mDia2 interaction are shown by the open arrowheads. M1041A, L1044A, L1048A (amino acid positions are from the mDia2 peptide sequence; conserved residues are indicated by blue, similar residues by green)
substitutions of conserved DAD residues disrupted binding and were inactive towards the activation of both SRF (data not shown) and actin fiber formation as shown in Fig. 6B .
The L1044A localization was also significantly altered. Instead of the diffuse membrane localization seen with wild type DAD, L1044A had a punctate localization in the membrane and appeared at the cell edge. The L1044A substitution also allowed the fusion protein to appear in the nucleus and also caused the formation of lamellipod-like extensions. Alanine substitutions of the non-conserved residues S1043A and Q1049A had no effect on binding and both were able to induce fiber formation and SRF (data not shown). Interestingly, the E1046A substitution of the conserved glutamate residue was also inactive, suggesting that DAD-mDia2 binding is largely mediated through hydrophobic interactions. The interaction is also strongly dependent upon the stretch of basic residues adjacent to the 'core' DAD sequence. The introduction of a stop codon at position 1050 weakened but did not eliminate the interaction as determined by two-hybrid assay and also reduced the number and density of apparent fibers in cells (Fig. 6B , lower right-hand panels). The lab is in the process of examining the importance of these residues and the variable distance from the DAD core in its biological activity. Taken together, the results of these DAD mutational experiments show that complete DAD activity is dependent upon its ability to bind to a full-length DRF.
DISCUSSION
The current study defines a regulatory domain that accounts for Rho GTPase activation it is clear that both FH1 and FH2 domains are involved in downstream signaling (11, 26) .
It is also possible that the FH1 is functionally an 'input' domain that receives signals from upstream signaling modules or mediates crosstalk via cellular factors such as Src (18, 19) or IRSp53/BAIAP2 (21) . Src for example, may be targeting the DRFs upon activation by Rho, even though prior work has shown that mDia1membrane localization is dependent upon Rho (15) . Src-dependent targeting may therefore be a permissive event. This is consistant with the conclusion of this study: ectopic DAD expression triggers endogenous Dia protein in a manner similar to activated Rho. In this situation, activated cellular Dia proteins are then directed to the membrane by factors in a FH1
domain-dependent manner. v-Src has been shown to be directed to focal adhesions in a
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Rho-and actin-dependent manner (41). Given our previous findings with interfering Src and anti-Src antibodies (18) that blocked activated Dia function, I suggest that Src and Dia targeting may be mutally dependent events that are controlled by the rate-limiting Rho-activation step.
The DAD peptide represents a useful biological tool to study Rho signaling and cytoskeletal regulation pathways. Because DAD effects are largely dependent upon the endogenous complement of cellular DRFs, the results generated from further experiments using DAD will likely more useful in the dissection of Dia-dependent signaling events.
For example, in comparison to the activated ∆GBD-mDia variants, DAD expression induces the formation of stable microtubules whose orientation better reflects those observed after growth factor treatment (G. Gundersen, pers. communication). DAD and mutated DAD proteins are now being tested for the effects on downstream signaling pathways. Specificially, it will be interesting to examine the effects of the DFNA1 mutation (12) on DAD activity in cells and on its ability to interact with the GBD. The autosomal dominant DFNA1 mutation in the human Dia1 gene occurs at a donor splice site at the C-terminus. The mutation causes a frameshift 15 amino acids away from the core DAD sequence which introduces an anomalous 19 amino acids onto the protein.
Thus far in our lab, the effects of truncations near this region of DAD have been equivocal, but may suggest that it destabilizes the autoinhibitory GBD-DAD association.
Expression of truncated versions of mDia1 by Watanabe and colleagues appeared to cause disruption of the actin cytoskeleton in some cells and resemble the results of seen with DAD mutants shown here (11) . However, the effects of the DFNA1 mutation on 
